The Georgi-Machacek model is used to motivate and interpret LHC searches for doubly-and singly-charged Higgs bosons decaying into vector boson pairs. In this paper we study the constraints on and phenomenology of the "H5plane" benchmark scenario in the Georgi-Machacek model, which has been proposed for use in these searches. We show that the entire H5plane benchmark is compatible with the LHC measurements of the 125 GeV Higgs boson couplings. We also point out that, over much of the H5plane benchmark, the lineshapes of the two CP-even neutral heavy Higgs bosons H and H 
The Georgi-Machacek model is used to motivate and interpret LHC searches for doubly-and singly-charged Higgs bosons decaying into vector boson pairs. In this paper we study the constraints on and phenomenology of the "H5plane" benchmark scenario in the Georgi-Machacek model, which has been proposed for use in these searches. We show that the entire H5plane benchmark is compatible with the LHC measurements of the 125 GeV Higgs boson couplings. We also point out that, over much of the H5plane benchmark, the lineshapes of the two CP-even neutral heavy Higgs bosons H and H [1] , much experimental and theoretical attention has been devoted to testing the possibility that the Higgs sector contains additional scalars beyond the single SM isospin doublet. An interesting possibility among these extensions is that part of electroweak symmetry breaking-and hence part of the masses of the W and Z bosons-could be generated by scalars in isospin representations larger than the doublet. A prototype model in this class is the GeorgiMachacek (GM) model [2, 3] , which contains a real and a complex isospin-triplet scalar in addition to the usual SM Higgs doublet.
A key feature of the GM model is the presence of doubly-and singly-charged Higgs bosons, H ±± 5 and H ± 5 , that couple to SM vector boson pairs with an interaction strength proportional to the vacuum expectation value (vev) of the triplets. Constraining this coupling therefore directly constrains the allowed contribution of the triplets to the masses of the W and Z bosons. LHC searches for these scalars have been performed with production via vector boson fusion and decays to a pair of vector bosons [4] [5] [6] ; the LHC measurement of the like-sign W boson cross section in vector boson fusion [7] also provides sensitivity to the doubly-charged scalar [8] . When the branching ratios of H ±± 5 and H ± 5 to vector boson pairs are essentially 100%, these searches directly constrain the triplet vev v χ as a function of the common mass m 5 of these scalars.
To aid the interpretation of these and future similar searches, the LHC Higgs Cross Section Working Group recently developed the "H5plane" benchmark scenario for the GM model [9] . The H5plane benchmark depends on two free input parameters, m 5 and s H ≡ √ 8v χ /v (where v = ( √ 2G F ) −1/2 is the SM Higgs vev), and the production cross sections for H ±± 5 and H ± 5 in vector boson fusion are proportional to s 2 H . The other parameters of the model are fixed in the benchmark so that BR(H 5 → V V ) = 1 to a very good approximation. Predictions for the production cross sections (at next-to-next-to-leading order in QCD) and decay widths of these scalars have been provided in the context of the H5plane benchmark for LHC collisions at 8 [10] and 13 TeV [9] .
In this paper we perform the first comprehensive survey of the phenomenology of the H5plane benchmark in the GM model. We show that the entire H5plane benchmark is compatible with the LHC measurements of the 125 GeV Higgs boson couplings from 7 and 8 TeV data [11] . We point out that, over much of the H5plane benchmark, the lineshapes of the two CP-even neutral heavy Higgs bosons H and H 0 5 will overlap and interfere when these scalars are produced in vector boson fusion with decays to W + W − or ZZ. We also display the decay branching ratios of the additional heavy Higgs bosons within the H5plane benchmark to facilitate the development of search strategies for these additional particles. Our numerical work is done using the public code GMCALC 1.2.1 [12] . This paper is organized as follows. In the next section we review the GM model and the specification of the H5plane benchmark. Section III contains the bulk of our results. We conclude in Sec. IV.
II. GEORGI-MACHACEK MODEL
The scalar sector of the GM model [2, 3] consists of the usual complex doublet (φ
T with Y = 0, and a complex triplet (χ ++ , χ + , χ 0 ) T with Y = 2. The doublet is responsible for the fermion masses as in the SM. Custodial symmetry, required in order to avoid stringent constraints from the ρ parameter, is preserved at tree level by imposing a global SU(2) L ×SU(2) R symmetry on the scalar potential. To make this symmetry explicit, we write the doublet in the form of a bidoublet Φ and combine the triplets into a bitriplet X:
The vevs are given by Φ = v φ √ 2 I 2×2 and X = v χ I 3×3 , where I n×n is the n × n unit matrix and the W and Z boson masses constrain
= χ ++ , H
where the vevs are parameterized by
and we have decomposed the neutral fields into real and imaginary parts according to
The masses within each custodial multiplet are degenerate at tree level and can be written (after eliminating µ 
The two custodial-singlet mass eigenstates are given by
where
2 A translation table to other parameterizations in the literature has been given in the appendix of Ref. [13] . 3 Note that the ratio M 1 /vχ can be written using the minimization condition ∂V /∂vχ = 0 as
which is finite in the limit vχ → 0.
Fixed parameters Variable parameters Dependent parameters GF = 1.1663787 × 10 −5 GeV −2 m5 ∈ [200, 3000] GeV λ2 = 0.4(m5/1000 GeV) and we will use the shorthand c α ≡ cos α, s α ≡ sin α. The mixing angle α and masses are given by sin 2α = 2M 2FIG. 1. Theoretically and experimentally allowed parameter region in the m5-sH plane in the H5plane benchmark (entire region below both the black and blue curves) and the full GM model (red points). The black curve delimits the region allowed by theoretical constraints in the H5plane benchmark and the blue curve represents the upper bound on sH from a direct search for H ±± 5 from Ref. [4] . See text for details.
and µ 2 3 is computed using
In Fig. 1 we show the allowed region in the m 5 -s H plane for the full GM model (red points) and the allowed region for the H5plane benchmark scenario (entire region below both the black and blue curves), as generated using GMCALC 1.2.1 with m h = 125 GeV. In both cases we impose the theoretical constraints from perturbative unitarity of the scalar quartic couplings, bounded-from-belowness of the scalar potential, and the absence of deeper alternative minima, as described in Ref. [13] , as well as the indirect constraints from b → sγ and the S parameter following Ref. [15] (we use the "loose" constraint on b → sγ as described in Ref. [15] ); all of these constraints are implemented in GMCALC. We also impose the direct experimental constraint from a CMS search for H ±± 5 [4] (described in more detail below), which excludes the area above the blue curve in the context of the H5plane benchmark. The red points represent a scan over the full GM model parameter space. The entire area below the black curve (obtained by scanning m 5 and s H in the H5plane benchmark) represents the theoretically-allowed region in the H5plane benchmark: as advertised, it nearly, but not quite entirely, populates the entire range of s H that is accessible in the full GM model for any given value of m 5 between 200 and 3000 GeV. This makes the H5plane scenario a good benchmark for the interpretation of searches for H in vector boson fusion, for which the signal rate and kinematics depend only on m 5 , s H , and the H 5 branching ratios into vector boson pairs. We note however that the accessible ranges of other observables are not necessarily fully populated by the H5plane benchmark; this will be particularly dramatic for the mass splittings among the heavy Higgs bosons.
The CMS search in Ref. [4] currently provides the most stringent direct experimental constraint on the GM model in the GM model H5plane benchmark. The value of Γtot/m5 reaches a maximum of 0.08 along the upper boundary of the allowed region for m5 800 GeV, and goes to zero at sH = 0. Right: Deviation from unity of the ratio of total widths of scalar s = H for m 5 above 200 GeV. 4 This search looked for a doubly-charged scalar produced in vector boson fusion (VBF) and decaying to two like-sign W bosons which in turn decay leptonically, using 19.4 fb −1 of proton-proton collision data at a centre-of-mass energy of 8 TeV. This search set a 95% confidence level upper bound on the cross section times branching ratio, cross sections calculated for the 8 TeV LHC at next-to-next-to-leading order in QCD in Ref.
[10] (we did not take into account the theoretical uncertainties in these predictions in computing the limit). This constraint in the H5plane benchmark is shown as the blue curve in Fig. 1 ; when combined with the theoretical constraints, it limits s H < 0.55 in the H5plane benchmark. In a full scan of the GM model, some allowed points appear that have BR(H
, this results in a few of the allowed red points in Fig. 1 falling above the blue curve. The number of such points is quite small, though, because most points in the full GM model scan that have BR(H ±± 5 → W ± W ± ) < 1 also have small s H , putting them below the blue curve anyway.
III. PROPERTIES OF THE H5PLANE BENCHMARK A. Decays of H5
The H5plane benchmark was designed so that m 3 > m 5 over the entire benchmark plane, so that the decay H ± γ is allowed, but has a very small branching ratio for m 5 ≥ 200 GeV), so that direct searches for the singly-charged state in this final state are also easy to interpret. This was used in the GM model interpretation of the ATLAS and CMS searches for H ± 5 in Refs. [5, 6] (these searches are less constraining on the GM model parameter space than that of Ref. [4] ).
In the left panel of Fig. 2 we show the total width of H ±± 5
normalized to its mass. This width-to-mass ratio reaches a maximum of 8% for the largest theoretically-allowed values of s H when m 5 > 800 GeV. The right panel of Fig. 2 shows the deviation from unity of the ratio of partial widths of H → W ± W ± in vector boson fusion [4] have been applied. m 5 ∼ 200 GeV, with the difference decreasing to less than 1% for m 5 1000 GeV. In the H5plane benchmark, this width difference is solely due to the kinematic effect of the different masses of the W W , W Z, and ZZ final states.
B. H3-H5 mass splitting
In the left panel of → W ± W ± in vector boson fusion [4] . It is clear that the variation in the mass difference m 3 − m 5 is much greater in the full model scan than it is in the H5plane benchmark. We can understand this as follows.
The difference between m 2 3 and m 2 5 can be written in the full GM model as
In the H5plane benchmark, the parameter relations simplify this down to
The variation of this expression with s H is fairly minimal: m In contrast, in the full GM model scan (red points in the right panel of Fig. 3 ), m 3 − m 5 varies by hundreds of GeV. This is mostly due to the term proportional to (M 1 − 6M 2 ) in Eq. (19), which is zero in the H5plane benchmark due to the choice M 2 = M 1 /6, and the term −λ 5 c 2 H v 2 , which is not suppressed at small s H . In the full GM model, λ 5 can vary between −8π/3 and +8π/3 [13] , while in the H5plane benchmark Eq. (15) reduces to
so that the term −λ 5 c → W ± W ± in vector boson fusion [4] have been applied. constraints on the model parameters and is apparent already in Fig. 3 of Ref. [15] . Viable mass spectra in the full GM model, and their implications for cascade decays of the heavier Higgs bosons, have previously been studied in Ref. [16] .
C. Couplings and decays of h
The tree-level couplings of the 125 GeV Higgs boson h in the GM model are given in terms of the underlying parameters by
where κ is defined in the usual way as the ratio of the coupling in the GM model to the corresponding coupling of the SM Higgs boson [17] . We first illustrate the variation of the custodial-singlet scalar mixing angle sin α over the H5plane benchmark in the left panel of Fig. 4 . sin α varies between zero and −0.64 in the H5plane benchmark. It is strongly correlated with s H , as shown in the right panel of Fig. 4 . This correlation also appears in a full scan of the GM model (red points in the right panel of Fig. 4 ), but is stronger in the H5plane benchmark (black points).
In The coupling of h to photon pairs is affected by the modifications of these tree-level couplings, as well as by contributions from loop diagrams involving H 
we plot this coupling in the H5plane benchmark in the left panel of We also examine the total width of h in the H5plane benchmark. We define the scaling factor κ h as [17] 
and calculate it using the formula Table II . We use this more precise value of the SM Higgs boson mass in this calculation because the LHC Higgs coupling measurements in Ref. [11] have been extracted for this mass value.
We plot κ h in the H5plane benchmark in the left panel of Fig. 7 . κ h remains very close to one over the entire benchmark, varying between 0.985 and 1.017, which is surprising considering that the tree-level couplings of h to vector bosons are modified by as much as 21% and those of h to fermions by as much as 10% compared to the SM Higgs couplings. The very SM-like values of the h total width are due to an accidental cancellation between an enhancement of the h partial width to vector bosons and a suppression of its partial width to fermions. This cancellation also occurs, though less severely, in a full scan of the GM model, as shown by the red points in the right panel of Fig. 7 . κ h is slightly greater than one in most of the H5plane benchmark, falling below one in a small sliver at high s H and m 5 between 700 and 1800 GeV, and in a thin band for s H < 0.04.
In order to evaluate the consistency of the H5plane benchmark with LHC measurements of the couplings of the 125 GeV Higgs boson, we compute a χ 2 using the combined ATLAS and CMS Higgs production and decay measurements in Ref. [11] from data collected at LHC centre-of-mass energies of 7 and 8 TeV. We use the observables and the corresponding correlation matrix ρ summarized in Table 9 and Fig. 28 , respectively, of Ref. [11] . The χ 2 is defined according to
where x is the vector of observed values, µ is the vector of theoretical values at a particular point in the H5plane benchmark, and σ is the vector of the combined theoretical and experimental uncertainties. Where the experimental uncertainties in Table 9 of Ref. [11] are asymmetric, we symmetrize them by averaging the upper and lower uncertainty. We then combine the (symmetrized) experimental uncertainties with the theoretical uncertainties quoted in Table 9 of Ref. [11] 
D. Couplings and decays of H
We now examine the couplings and decays of the heavier custodial-singlet Higgs boson H. The tree-level couplings of H in the GM model are given in terms of the underlying parameters by
where the κ factors are again defined as the ratio of the H coupling in the GM model to the corresponding coupling of the SM Higgs boson. In Fig. 9 we plot κ 600 GeV, with branching ratios above 40% and 20%, respectively. These decays reach maximum branching ratios of 65% and 30%, respectively, for low m 5 ∼ 200-300 GeV. The branching ratio of H to W + W − (ZZ) remains above 20% (10%) over most of the benchmark plane, out to the highest m 5 values.
The branching ratio of H to hh dominates at high masses, reaching 50% for m 5 ∼ 1000 GeV and a maximum of 71% for the highest s H values at large m 5 > 1500 GeV. The branching ratio of H to tt reaches a maximum of 37% for m 5 ∼ 500-600 GeV and high s H , but falls below 10% for m 5 1400 GeV. Note that, because m H > m 5 in the H5plane benchmark, the kinematic threshold for H → tt at m H = 2m t occurs when m 5 250 GeV.
E. H-H5 mass splitting
Decays of H → W ± W ± in vector boson fusion [4] have been applied.
fusion [4] . Similarly to the case of m 3 − m 5 , we see that the variation in the mass difference m H − m 5 is much greater in the full model scan than it is in the H5plane benchmark.
To understand the experimental implications of this mass splitting, we compare it to the intrinsic widths of H and H 0 5 . In Fig. 13 we first plot the total width of H (top left panel) and the ratio Γ tot (H)/Γ tot (H 500 GeV. For lower masses, the fact that H is significantly heavier than H 0 5 allows its width to become more than twice as large as that of H 0 5 for m 5 < 450 GeV. Over the entire H5plane benchmark, the width of H is never less than 89% of the width of H 0 5 . Therefore we can quantify the H-H 0 5 mass splitting by comparing it to the total width of H. We do this in the bottom panel of Fig. 13 , in which we plot (m H − m 5 )/Γ tot (H) over the H5plane benchmark. This ratio varies widely over the benchmark. For low m 5 and low s H , (m H −m 5 )/Γ tot (H) is large, which means that the H and H 0 5 resonances are well separated compared to their intrinsic widths. However, there is a sizable region of parameter space in which (m H − m 5 )/Γ tot (H) < 1, which means that the mass splitting is less than the intrinsic width of H. In this region of the H5plane benchmark, the total width of H 0 5 is within 10% of that of H. In this case the two resonances overlap significantly and interfere, so that experimental searches for these two states in vector boson fusion with decays to W + W − or ZZ must be performed taking into account both resonances and their interference. Interference can be avoided by searching for H produced in gluon fusion, or decaying to hh or tt. W + ) are significant only for very low m 5 , below the kinematic threshold for the tt decay. For these low masses, the branching ratios of these modes can be quite large, reaching respective values of 85% and 82% in our calculation, in slightly different areas of parameter space. However, these numbers should be treated with caution because the implementation in GMCALC 1.2.1 of scalar decays to scalar plus vector at and below the kinematic threshold is still rather primitive. At m 5 = 200 GeV, the mass splitting between H 3 and H 5 in the H5plane benchmark is 84 GeV, so that the on-shell decay H In this corner of parameter space, the branching ratios of these modes can be significant, reaching maxima of 25%, 79%, and 49%, respectively, in slightly different regions of parameter space. Again, though, these numbers should be treated with caution because the decays of H + 3 to H 5 V face the same issues with the transition from on shell to off shell as the decays of H 0 3 to H 5 V . All three of these branching ratios quickly fall below the 1% level for m 5 500 GeV. These decay modes also decline quickly with increasing s H , due to an increase in the partial width for H 
IV. CONCLUSIONS
In this paper we studied the constraints on and phenomenology of the H5plane benchmark scenario in the GeorgiMachacek model. The H5plane benchmark has two free parameters, m 5 and s H , where s 2 H is equal to the fraction of M 2 W and M 2 Z that is generated by the vev of the isospin triplets. The H5plane benchmark is defined for m 5 ∈ [200, 3000] GeV. Existing theoretical and experimental constraints limit s H to be below 0.55 in the H5plane benchmark, so that at most 30% of the W and Z boson squared-masses can be generated by the triplets. A full parameter scan of the GM model yields an allowed region in the m 5 -s H plane only slightly larger than in the H5plane benchmark for m 5 ∈ [200, 3000] GeV. Our numerical work has been done using the public code GMCALC 1.2.1.
We showed that the couplings of the 125 GeV Higgs boson h in the H5plane benchmark are sufficiently SM-like that the benchmark is not further constrained by the ATLAS and CMS measurements of Higgs production and decay at LHC center-of-mass energies of 7 and 8 TeV-in fact, over most of the H5plane benchmark, the fit to LHC data is slightly better than in the SM. Over the H5plane benchmark, compared to their SM values, the h coupling to fermions can be suppressed by up to 10% or enhanced by up to 1.4%, its coupling to vector boson pairs can be enhanced by up to 21%, and its loop-induced coupling to photon pairs can be suppressed by up to 1.3% or enhanced by up to 24% (loops involving the charged scalars in the GM model contribute non-negligibly to this). The total width of h can be suppressed by up to 2.9% or enhanced by up to 3.5% compared to that of the SM Higgs boson; the smallness of this range is due to an accidental cancellation among the fermionic and bosonic contributions.
By design, the mass-degenerate H Finally we studied the production and decays of the new heavy Higgs bosons in the GM model in the H5plane benchmark. We found that, due to coupling suppressions, the production cross section of H in gluon fusion (vector boson fusion) can be at most 58% (4.8%) as large as that of a SM Higgs boson of the same mass. H decays mainly to W + W − and ZZ for m 5 below 600-1000 GeV (depending on s H ), and mainly to hh for m 5 above 700-1300 GeV. Its branching ratio to tt can top 30% for m 5 between 400 and 700 GeV. 
